The transmembrane distribution of phosphatidylglycerol was determined in thylakoids from barley (Hordeum vulgare), lettuce (Lactuca sativa) and pea (Pisum sativum) chloroplasts. Phospholipase A2 and phospholipase D digestion and chemical-labelling methods were used. Phosphatidylglycerol was preferentially localized in the outer (stromal) leaflet. The proportion of the phospholipid in this leaflet ranged from about 66% in pea to about 75% for barley and lettuce thylakoids. One of the main fatty acids, trans-A3-hexadecenoic acid, was exclusively located in the outer leaflet in all three plant types. The data are discussed in relation to suggested roles for phosphatidylglycerol in thylakoid function.
The specific distribution of acyl lipids within membranes from higher-plant chloroplasts has received attention recently. There are several reasons for this. First, the photosynthetic membranes of oxygen-evolving organisms are the most prevalent type of membranes in Nature. Secondly, they have a lipid composition that is highly conserved (Harwood, 1980) and their major lipids are seldom found in other membranes (e.g. Gounaris & Barber, 1983; Harwood & Russell, 1984) . Thirdly, studies with developing chloroplasts (cf. Harwood, 1983) , incubation of thylakoids with lipases (e.g. Jordan et al., 1983) , reconstitution experiments (e.g. Gounaris et al., 1983b; Remy et al., 1982) and nutrient-limited growth of Chlorella (e.g. Sinensky, 1977) have indicated that photosynthetic membrane lipids may play rather specific roles in efficient photosynthesis.
The major phospholipid component of thylakoid membranes (in cyanobacterial thylakoids, the only phospholipid) is phosphatidylglycerol (Harwood, 1980) . In photosynthetically active eukaryotes, phosphatidylglycerol contains an unusual fatty acid, trans-A3-hexadecenoic acid. This acid is exclusively esterified to the sn-2 position of the glycerol backbone, is not found in other phosphoor glyco-lipids and, with the exception of storage seeds of some Compositae, is never found outside the chloroplast (Harwood, 1980; Hitchcock & Nichols, 1971) .
The lateral heterogeneity of lipids in thylakoids has been examined by the use of various subthylakoid preparations (Chapman et al., 1984; Gounaris et al., 1983a; Murphy & Woodrow, 1983) . However, no general statements can be made about phosphatidylglycerol distribution from these studies because of the different nature of the preparations examined. In addition, the sided distribution of phosphatidylglycerol has been examined in spinach (Spinacia oleracea) thylakoids, where it is preferentially located in the outer (stromal) leaflet (Rawyler & Siegenthaler, 1981) . Spinach is a dicotyledonous plant and belongs to the so-called '16:3 group' of plants (those containing the C16:3 hexadecatrienoic acid; cf. Heinz, 1977) . In order to be able to make some general statements about the sided distribution of phosphatidylglycerol we have examined its transmembrane location in other types of plants. Moreover, we have studied the distribution by several methods. In addition, because of the particular interest of the fatty acid composition of phosphatidylglycerol, we have determined the acyl groups esterified to the phospholipid in the two leaflets. Preliminary reports of some of the results have been made (Unitt & Harwood, 1982a,b 
Isolation of chloroplast thylakoids
Chloroplasts were isolated from lettuce leaves as described by Jones & Harwood (1980) . Chloroplasts were also isolated from lettuce, pea and barley leaves after homogenization with a Polytron blender (three 2s bursts) in 50mM-sodium phosphate buffer (pH 6.5)/lOmM-NaCl/330mM-sorbitol. The homogenate was filtered through six layers of Miracloth (Calbiochem, La Jolla, CA 92037, U.S.A.) and centrifuged by acceleration to 4500g in a MSE 8 x 50ml angle head, followed by immediate deceleration. The supernatant was decanted and the pellet gently resuspended in the homogenization buffer adjusted to pH 7.4. The centrifugation and resuspension were repeated three times. Chloroplasts prepared by this procedure were free from all detectable non-chloroplast membranes or organelles as judged by enzyme marker distribution (cf. Unitt & Harwood, 1982a) . The purified chloroplasts were ruptured by osmotic shock with the homogenization buffer, pH7.4, diluted 20-fold. The thylakoids were then sedimented at 14000g for 5min, the pellet resuspended in the diluted buffer and re-sedimented at 14000g. The final pellet was resuspended in the homogenization buffer, pH 7.4, at a concentration of 0.7-1.0mg of chlorophyll/ml. All the above procedures were carried out at 0°C by cooling vessels and solutions with an ice/salt mixture.
Right-side-out and inside-out thylakoid vesicles were prepared from lettuce chloroplasts and characterized by the method of Andersson & Akerlund (1978) as detailed by Unitt & Harwood (1982a) .
No endogenous acyl hydrolase activity was present in any of the thylakoid preparations.
Determination of lipid sidedness
Incubation of thylakoid membranes was carried out with phospholipase A2 (porcine pancreas) under conditions described by Rawyler & Siegenthaler (1981) . Hydrolysis with phospholipase D (cabbage) was performed in 100mM-sodium acetate/acetic acid buffer (pH5.8)/50mM-CaCl2. The phospholipase D preparation was shown to be free from lipid and endogenous proteinase activity. Incubations with the phospholipases were carried out at temperatures between 5 and 20°C as detailed in the Results and discussion section for up to 2h. For control incubations where thylakoid vesicles were disrupted, the preparations were bath-sonicated for 2min in the presence of the appropriate enzyme at the incubation temperature before hydrolysis was initiated by the addition of CaCl2. The sonication was repeated for lOs every 10min in control incubations.
Chemical labelling was carried out on the thylakoid preparations by allowing phosphatidylglycerol to chemically react with the diazonium salt of sulphanilic acid, followed by reduction in the presence of NaB3H4 (Schafer et al., 1974) . Standard conditions used 2mg of sulphanilic acid diazonium salt/mg of chlorophyll and 0.5mM-NaB3H4 (27.7MuCi), with the oxidation and reduction reactions taking place for 15 min and 8 h respectively at 0°C. Control thylakoids were disrupted with 0.2% (w/v) sodium dodecyl sulphate. The labelled phosphatidylglycerol was extracted from the incubations and separated by t.l.c. as below. Bands corresponding to modified phosphatidylglycerol were scraped off the t.l.c. plate and counted for radioactivity, in a scintillant consisting of PCS (Amersham-Searle)/xylene (2:1, v/v), with a LKB Racbeta scintillation counter. Quench corrections were made by the external-standard channels-ratio method.
Lipids were extracted from the incubation mixtures by the method of Garbus et al. (1963) . A portion of the chloroform phase was separated by t.l.c. on silica-gel G plates impregnated with 0.15 M-(NH4)2SO4, with chloroform/methanol/acetic acid/water (170:30:20:7, by vol.) as solvent. Bands were located by spraying with 0.01% (w/v) methanolic 8-anilino-4-sulphonic acid, followed by exposure to u.v. light. Bands corresponding to phosphatidylglycerol and monoacylphosphatidylglycerol were scraped off the plate, derivatized by transmethylation and the fatty acids quantified by g.l.c. by using an internal standard of methyl pentadecanoate as described by Russell & Harwood (1979) . In some experiments the phospholipids were quantified by phosphate determination (Bartlett, 1959) . Digestion with phospholipase D was estimated by quantifying the phosphatidic acid and phosphatidylglycerol bands.
Chlorophyll was determined by the method of Arnon (1949) , and correction was made, where appropriate, for errors in sampling volumes by determining the total chlorophyll in the chloroform extracts and in residues from samples used to spot t.l.c. plates.
When membrane vesicles are treated with phospholipases, there are generally two phases of phospholipid hydrolysis. A rapid phase, which is not particularly temperature-dependent, is due to hydrolysis of phosphatidylglycerols in the outer leaflet. A temperature-dependent phase, which at low temperatures is much slower than the first phase, is due to transbilayer movement and subsequent hydrolysis of phospholipids from the inner leaflet (op den Kamp et al., 1980) . These types of results are seen clearly in Fig. 1 , where data from the phospholipase A2 treatment of lettuce thylakoid vesicles are shown. The maximum extent of hydrolysis in the rapid phase is approximately similar for the different digestion temperatures and, after correction for transbilayer movement, shows that about 74% of the total phosphatidylglycerol was present in the outer leaflet of lettuce thylakoids.
In studies of sidedness distribution using phospholipases it is important that certain criteria are fulfilled (Siegenthaler, 1982) . It has to be shown that no lysis of thylakoids occurs when the enzyme acts on the outside of the vesicles; otherwise, the transmembrane distribution will be invalidated. Secondly, it has to be shown that total phospholipid digestion is possible in control experiments where both sides of the membrane are attacked, i.e. that there is no inaccessible phospholipid. Thirdly, the lipolytic treatment has to be shown not to modify the actual distribution of lipids. The latter point is most usually answered by using lowtemperature digestion, where transbilayer movement is negligible. Table 1 shows that in experiments with thylakoids obtained from three different types of plants, total digestion of phosphatidylglycerol was at least 97%, showing that only small or insignificant amounts of inaccessible phospholipid were present. It was of considerable interest that the major acyl moieties of phosphatidylglycerol were unevenly distributed. The major molecular species of phosphatidylglycerol in barley, lettuce and pea are the 1-linolenoyl-, 2-palmitoyl-and 1-linolenoyl-2-trans-A3-hexadecanoyl species. The three major fatty acids are distributed with a fairly even distribution for palmitate and with 63-82% of the linolenate in the outer leaflet. The enrichment of linolenate in the outer (stromal) leaflet is due to its association with trans-A3-hexadecenoate in one of the two major molecular species. Indeed, it is noticeable that trans-A3-hexadecenoate appears to be virtually exclusively located in the outer leaflet in these three plant species. Although there have been no previous studies on the sided distribution of phosphatidylglycerol fatty acids, Duval et al. (1980) did show that trans-A3-hexadecenoate was particularly rapidly hydrolysed during studies of the effect of phospholipase A2 treatment of spinach thylakoids on chlorophyll fluorescence of the light-harvesting complex. Such a result is in keeping with the present data.
The exclusive localization of trans-A3-hexadecenoate-containing phosphatidylglycerol in the outer leaflet is unusual and must surely be related to the function of the acid in thylakoids. Were the acid to be involved in granal stacking (Tuquet et al., 1977) , then such a distribution would make good sense. However, trans-A3-hexadecenoate is found in stromal lamellae to approximately the same extent as in grana lamellae (Chapman et al., 1984) and work with mutants (Bolton et al., 1978) and other tissues (Percival et al., 1979) have shown that there is often no correlation between stacking and trans-A3-hexadecenoate content. The same problems of reconciling distribution with a func- (Harwood, 1984) . Studies on lipid distribution which depend exclusively on phospholipase A2 digestion can be criticized because of doubts concerning the exclusiveness of hydrolysis of outer-leaflet components (see above). These problems are not helped by the production of a lytic monoacylphospholipid product. Accordingly, we have checked the distribution of phosphatidylglycerol in thylakoid membranes by the use of chemical labelling and phospholipase D digestion.
We used the method of Schafer et al. (1974) to label phosphatidylglycerol chemically. This technique involves the oxidation of the terminal hydroxy group of the head-group glycerol with the diazonium salt of sulphanilic acid. The oxidized phosphatidylglycerol can then be reduced with NaB3H4. Chemical reaction in the presence of sodium dodecyl sulphate, when the thylakoids are disrupted, provides the control. In two experiments carried out with excess diazonium salt the amount of labelling of phosphatidylglycerol in intact lettuce thylakoids averaged 79% of the control (Table 2 ). This was a slightly higher value than the amount of phosphatidylglycerol estimated to be in the outer leaflet by digestion with phospholipase A2 (Fig. 1 and Table 3 ). However, we did notice small amounts of labelling of the fatty acyl groups, which indicated that NaB3H4 penetrated the hydrophobic membrane region to some extent and may, in consequence, have We also attempted to check the distribution of phosphatidylglycerol in thylakoids by using insideout thylakoid vesicles. Such vesicles were prepared from lettuce and pea thylakoids by the method of Andersson & Akerlund (1978) . However, in our hands we were unable to obtain preparations that were free from right-side-out vesicles. The best preparations were merely slightly enriched in inside-out vesicles as judged by light-driven proton movement (cf. Unitt & Harwood, 1982a) and could not, therefore, be used for meaningful sidedness studies. Table 3 shows a summary of the distribution of phosphatidylglycerol in thylakoids from three Rawyler & Siegenthaler (1981) for spinach thylakoids. Thus it seems to be a general characteristic of plant thylakoids that phosphatidylglycerol is located predominantly in the outer leaflet. In addition, the exclusive location of the 1-linolenoyl-2-trans-A3-hexadecanoyl molecular 'species in the outer leaflet is a particularly interesting feature that requires a functional explanation.
The financial support of the Science and Engineering Research Council is gratefully acknowledge.
